Recently, immunotherapy has been shown to be an effective and helpful therapeutic option for the treatment of advanced non-small-cell lung cancer (NSCLC). The activity of antitumor T cells may be restored through the checkpoint blockade using anti-programmed death 1 or anti-programmed death ligand 1 (PD-L1) antibodies, showing, in several cancer patients, an increased progression-free survival and overall survival compared with classical chemotherapy. As recently shown by several studies, the PD-L1 expression levels in tumors may offer a selection criterion for patients to predict their immunotherapy response. In particular, NSCLC patients with high tumor PD-L1 levels (proportional score C 50% for first-line therapy and C 1% for second-line treatment, respectively) showed better response rates to immunotherapy and longer survival in first-line therapy compared with conventional chemotherapy. PD-L1, whose expression is evaluated by using immunohistochemistry analysis, is currently the only biomarker approved for clinical use in the first-and second-line monotherapy setting and therefore plays a central role in treatment decision-making for patients with advanced NSCLC. In this review we will discuss the key role of PD-L1 as a predictive biomarker of response to pembrolizumab therapy in NSCLC patients by describing the appropriate techniques and methodologies for immunohistochemical evaluation of PD-L1 expression and Lorena Incorvaia, Daniele Fanale and Giuseppe Badalamenti should be considered equal first authors.
INTRODUCTION
Recently, much evidence and numerous clinical studies have shown the key role exerted by the immune system in determining an anti-tumor response in cancer patients, allowing the development of multiple therapeutic approaches aimed at stimulating and strengthening this important immune activity system [1] [2] [3] . Although further studies are currently ongoing, until now, immunotherapy has been shown to be an effective and helpful therapeutic option mainly for some tumors considered generally more immunogenic, including non-small-cell lung cancer (NSCLC), melanoma and renal cell carcinoma (RCC) [4] [5] [6] [7] . The tumor microenvironment (TME) of these tumors is characterized by the abundant presence of several immune cells, including macrophages and T lymphocytes, which, if adequately activated, release cytokines, interleukins and growth factors [8] . The anti-tumor immune response induction needs three major activation signals that involve (1) the interaction between molecules with co-stimulatory function on antigen-presenting cells (APCs) and receptors present on T lymphocytes; (2) the link between tumor-associated antigens (TAAs) exposed by major histocompatibility complex (MHC) and T-cell receptor (TCR); finally, the production of inflammatory cytokines such as interleukin-12 (IL-12) and type I IFN (IFN alpha/beta) [9, 10] .
The anti-tumor function exerted by the immune system through killer and proinflammatory immune cells may be repressed by the binding of some surface receptors, called immune checkpoints, with specific ligands located on cancer cells [9, 11] . Tumor cells use this mechanism, which leads to the inactivation of tumor-infiltrating lymphocytes (TILs), to circumvent the immune surveillance and survive [12, 13] . The activity of T cells may be inhibited by the interaction of the programmed death 1 (PD-1) receptor, an immune checkpoint mainly expressed on the surface of activated T cells, with one of its specific ligands, PD-L1 or PD-L2, expressed on tumor cells. This binding blocks the T cell activation signal induced by the interaction between MHC and TCR by leading to the apoptosis of T cells and preventing targeting of tumor cells and production of cytokines. Therefore, tumors with increased expression of the PD-1/PD-L1 axis show a poorer prognosis [14, 15] . The activity of specific antitumor T cells may be restored via the checkpoint blockade using anti-PD-1 and anti-PD-L1 antibodies ( Fig. 1) , which determine an increase in the progression-free survival (PFS) and overall survival (OS) compared with classical chemotherapy in cancer patients [16] [17] [18] . However, to date, other immune checkpoints were identified, and some of them could be implicated in immune attacks against cancer [19] . In recent years, clinically significant progress in clinical practice resulting in improvements in prognosis of patients with advanced disease was observed thanks to the development of monoclonal antibodies specifically targeting PD-1/PD-L1. This evidence has made immunotherapy a clinically validated and effective therapeutic option for some tumors such as NSCLC, melanoma and RCC [4, 20] .
The most important PD-1 ligand is PD-L1 (also called B7-H1), which belongs to the B7 family proteins. The tumor antigen recognition by specific T lymphocytes causes increased PD-L1 expression in cancer cells via the interferon gamma (IFN-c) receptor pathway, leading to tumor-adaptive resistance. Indeed, the PD-1/ PD-L1 interaction induces the cytotoxic T lymphocyte-mediated release of IFN-c, which, binding to its specific receptor (IFNGR) present on tumor cells, causes the activation the JAK1/ 2-STAT1 signaling, resulting in an increased PD-L1 transcription. In contrast, the inactivation of the IFN-c pathway makes cancer cells less vulnerable to the attack by T lymphocytes by reducing the response to immunotherapy [21, 22] .
Patients with a greater likelihood of therapeutic response to antibodies blocking PD-1/ PD-L1 may be selected by detection of the PD-L1 expression levels via immunohistochemistry (IHC) for first-and second-line monotherapy treatment decisions. Oncogenic events, such as gene amplification, or also an adaptive immune resistance mechanisms mediated by the IFN-c pathway may determine increased PD-L1 expression [23] . As recently shown by several studies, the PD-L1 expression levels in tumors may offer a selection criterion for patients to predict their immunotherapy response. In particular, NSCLC patients with high tumor PD-L1 levels (proportional score C 50% for first-line therapy and C 1% for second-line treatment, respectively) showed better response rates to immunotherapy and longer survival compared with conventional chemotherapy [24, 25] . Nivolumab (also known as Opdivo) and pembrolizumab (also known as Keytruda) are the two most known agents blocking PD-1 currently used in cancer immunotherapy and approved by the FDA [26] . Nivolumab is a fully human anti-PD-1 antibody that was approved for the first time by the FDA in 2014 for the treatment of NSCLC, advanced melanoma and renal carcinoma. About 30% objective response rate was observed in metastatic melanoma patients treated with nivolumab [27, 28] .
Pembrolizumab is another humanized monoclonal antibody blocking PD-1 and was approved for the first time by the FDA in 2014. The effectiveness of pembrolizumab was observed in several tumors, including NSCLC and melanoma, as shown by several studies [29, 30] . the inhibition of the immune system. Pembrolizumab, a monoclonal antibody blocking PD-1 through PD-1/PD-L1 pathway blockade, removes the suppressive effects of PD-L1 on cytotoxic T-cells with restoration of host immunity against the tumor Currently, assessment of PD-L1 expressions using IHC staining in formalin-fixed paraffinembedded (FFPE) tissue samples is the standard and the only one approved for clinical use. Although evaluation of PD-L1 expression by IHC has been debated, it remains the only validated biomarker. PD-L1 assessment is now fully integrated into routine clinical practice. Several detecting methods and biomarkers, such as soluble forms of sPD-1 and sPD-L1 [31] , may provide new strategies in the future.
In this review, we will discuss the key role of PD-L1 as a predictive biomarker of response to pembrolizumab therapy in NSCLC patients by describing the appropriate techniques and procedures for immunohistochemical evaluation of PD-L1 expression and providing an overview of the clinical studies supporting its predictive significance.
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CLINICAL TRIALS SUPPORTING PD-L1 AS A PREDICTIVE BIOMARKER FOR PEMBROLIZUMAB IN PATIENTS WITH NSCLC

Evaluation of PD-L1 in Pembrolizumab NSCLC Clinical Trials
The use of pembrolizumab for advanced NSCLC requires the identification of PD-L1 by IHC in a minimum 50% of tumor cells for the first-line setting and in C 1% for second-line therapy and beyond [32] .
To identify patients who could benefit from receiving immunotherapy, several PD-L1 assays have been performed. However, only the Dako/ Agilent 22c3 assay is considered as a companion diagnostic tool for pembrolizumab treatment, approved by the FDA [33] .
The Dako PD-L1 IHC 22C3 pharmDx is a qualitative IHC assay based on the use of monoclonal mouse antibodies directly against PD-L1, produced by clone 22C3, which are able to recognize and bind the PD-L1 protein expressed on FFPE NSCLC tissues [34] .
This assay requires deparaffinization, rehydration and target retrieval, which are performed by Dako PT100. Subsequently, after incubation with the monoclonal PD-L1 antibody, mouse IgG isotype control specimens were incubated with an antimouse antibody specific for the primary antibody and with a chromogen reagent that is a secondary antibody conjugated with a peroxidase. This interaction allowed us to obtain an enzymatic conversion, resulting in the precipitation of a visible reaction product at the site of antigen. The samples are counter-stained with hematoxylin, and the results are displayed with a light microscope [35] .
The antibody-specific scoring used to assess the prevalence of PD-L1 positivity is the tumor proportion score (TPS) evaluated as percentage of PD-L1-positive tumor cells over total tumor cells in the sample [36] . Specifically, the positivity of PD-L1 protein expression is defined as complete or partial circumferential staining of viable tumor cell membrane [35] .
The samples should be considered positive if included within a range from 1% (low expression) to 50% (high expression) TPS as a cutoff. Consequently, patients whose TPS was C 1%, if previously treated, could benefit from pembrolizumab treatment in the second-line setting, whereas the patients with C 50% PD-L1positive tumor cells could be eligible for firstline treatment [34] .
Association Between PD-L1 TPS and Pembrolizumab Clinical Benefit in KEYNOTE-001
The high sensitivity, repeatability and reproducibility of the PD-L1 IHC 22C3 pharmDx assay in selecting patients eligible for pembrolizumab treatment were assessed in the KEYNOTE-001 international prospective trial [37] .
The KEYNOTE-001 was a phase 1 trial that evaluated the safety and activity of pembrolizumab in advanced NSCLC by defining and validating the PD-L1 expression levels associated with a clinical benefit of pembrolizumab treatment [37] .
In this trial, 495 patients with advanced NSCLC were enrolled; 182 patients in the training group were assigned to receive three different dosages of pembrolizumab (2 mg or 10 mg/kg of body weight every 3 weeks or 10 mg/kg every 2 weeks), and 313 patients were included in a validation group. IHC 22C3 pharmDx assay was used to determine the PD-L1 expression evaluated as the percentage of neoplastic cells with staining for membranous PD-L1. PD-L1 positivity was defined as membranous staining in C 1% of cells. The results showed that a TPS C 50% was associated with a higher response rate and a median PFS and OS in both previously treated and untreated patients compared with a TPS value \ 50%, indicating that in these patients immunotherapy with pembrolizumab could be a successful therapeutic option [37] .
Patient Selection Based on PD-L1 Expression as an Eligibility Criterion in Phase 3 Pembrolizumab Monotherapy Trials (KEYNOTE-010; KEYNOTE-024; KEYNOTE-042) KEYNOTE-010 was a multicenter trial that randomized patients to receive pembrolizumab at two dosing schedules versus docetaxel, 1034 previously treated advanced NSCLC patients having C 1% of tumor cells staining positive for PD-L1 expression (TPS 1%) who had progressed after at least two cycles of platinum-based chemotherapy [38] . Patients were randomized in a 1:1:1 ratio to receive pembrolizumab at 2 mg/kg, pembrolizumab at 10 mg/kg or docetaxel at 75 mg/m 2 every 3 weeks [38] .
The PD-L1 expression levels were detected by Dako PD-L1 IHC 22C3 assay, and patients were stratified by PD-L1 status into weak (TPS range 1-49%) and strong (TPS [ 50% or more). The primary objectives were to compare the OS and PFS in the strongly and weakly PD-L1-positive patients treated with pembrolizumab compared with docetaxel. In the overall population, the results showed a statistically significant OS improvement in patients who received pembrolizumab 2 mg/kg versus docetaxel [(HR) 0.71, 95% CI 0.58-0.88; p = 0.0008] or pembrolizumab 10 mg/kg compared with docetaxel (0.61, 0.49-0.75; p \ 0.0001). In patients with PD-L1 expression of C 50%, OS was significantly longer with pembrolizumab versus docetaxel, median 14.9 months vs. 8.2 months, respectively (HR 0.54, 95% CI 0.38-0.77; p = 0.0002), with pembrolizumab 2 mg/kg and 17.3 months vs. 8.2 months (0.50, 0.36-0.70; p \ 0.0001) with pembrolizumab 10 mg/kg. This result suggested pembrolizumab as a valid treatment option for second-line treatment in these patients with advanced NSCLC appropriately selected on the basis of the PD-L1 value [38] .
Recently, based on the Keynote-010 results, an exploratory analysis compared outcomes in patients whose PD-L1 expression was performed starting from archived tumor samples compared with newly collected tumor specimens. Four hundred fifty-five (44%) out of 1033 analyzed patients were enrolled based on archival samples and 578 (56%) on newly collected tumor samples. Approximately 40% of archival samples and 45% of newly collected tumor samples were PD-L1 TPS C 50%.
At a median follow-up of 31 months, the OS HRs for archival versus newly collected tumor samples were 0.64 (95% CI 0.45, 0.91) and 0.40 (95% CI 0.28, 0.56) in patients with PD-L1 TPS C 50% and, among those with PD-L1 TPS C 1%, were 0.74 (95% CI 0.59, 0.93) and 0.59 (95% CI 0.48, 0.73). These results showed that pembrolizumab compared with docetaxel improves OS in both newly collected and archival tumor samples from NSCLC patients [39] .
KEYNOTE-024 was an open-label phase 3 trial, where PD-L1 expression on C 50% of tumor cells represented an eligibility criterion to enroll previously untreated advanced NSCLC patients (EGFR/ALK wild type) to receive pembrolizumab (at a fixed dose of 200 mg every 3 weeks) or a platinum-based doublet at the investigator's choice [24] .
This study was carried out on 305 patients who were randomized to receive treatment with pembrolizumab for 35 cycles or 4-6 cycles at the investigator's choice of platinum-based chemotherapy. Fifty percent or greater TPS values were detected in 30.2% of examined patients. The median PFS was significantly longer in the pembrolizumab group, 10.3 months [95% confidence interval (CI) 6.7-not reached] compared with the chemotherapy group, 6.0 months (95% CI 4.2-6.2) (HR 0.50; 95% CI 0.37-0.68; p \ 0.001). The estimated rate of OS was significantly longer in the pembrolizumab than in the chemotherapy group (HR 0.60; 95% CI 0.41-0.89; p = 0.005), 80.2% versus 72.4%, respectively. Based on these results, pembrolizumab was approved by the FDA for firstline treatment in patients with advanced NSCLC and C 50% PD-L1 expression without EGFR mutations or ALK rearrangements [24, 40] . An update of the OS analysis of the KEY-NOTE-024 study was recently performed. At data cutoff (July 10, 2017; median follow-up, 25.2 months), the median OS was 30.0 months (95% CI 18.3 months to not reached) with pembrolizumab and 14.2 months (95% CI 9.8-19.0 months) with chemotherapy (HR 0.63; 95% CI 0.47-0.86), indicating that first-line pembrolizumab monotherapy continues to give an OS benefit over chemotherapy in patients with advanced NSCLC without EGFR/ALK aberrations [41] .
Several ongoing clinical trials are being evaluated to assess pembrolizumab monotherapy's role as frontline treatment in patients with NSCLC. Among these trials, KEYNOTE-042 is the largest clinical trial; it was presented by Lopes et al. on April 2018 in ASCO's Plenary Session. Through the evaluation of monotherapy with pembrolizumab versus chemotherapy as the regimen in treatment-naive patients with NSCLC with PD-L1 C 1%, this study has already achieved its primary end point, represented by a statistically significant advantage in terms of OS [40] .
This open-label phase III study included 1274 patients with PD-L1 TPS C 1% who were randomly assigned to receive pembrolizumab 200 mg every 3 weeks for up to 35 cycles or platinum-based chemotherapy (carboplatin AUC of 5-6 plus paclitaxel at 200 mg/m 2 or pemetrexed 500 mg/m 2 ) every 3 weeks for 4-6 cycles.
Primary end points were OS in patients with TPS C 50%, C 20% and C 1%. At a median follow-up of 12.8 months, the median OS in the pembrolizumab versus chemotherapy arm was 20.0 months vs. 12.2 months among patients with PD-L1 TPS C 50% (HR 0.69; P = 0.0003), 17.7 months vs. 13.0 months among those with a TPS C 20% (HR 0.77; p = 0.0020) and 16.7 months vs. 12.1 months among those with a TPS C 1% (HR 0.81, P = 0.0018).
Based on these results, on April 2019, the indication of pembrolizumab was extended to patients with advanced NSCLC without EGFR/ ALK aberrations and with low PD-L1 TPS [42] .
PD-L1 Expression in Studies Evaluating Pembrolizumab Plus Chemotherapy (KEYNOTE-021 cohort G; KEYNOTE-189; KEYNOTE-407)
Although the PD-L1 biomarker has been associated with better hazard ratios for benefit with increasing expression levels, several challenges remain regarding the use of PD-L1 as a predictive biomarker, especially in recent studies evaluating the combination of immune checkpoint inhibitors (ICIs) with chemotherapy as effective first-line treatment in advanced NSCLC. To date, the majority of trials have established that the higher the level of tumor PD-L1 expression indicating the presence of an antitumor immune response, the more likely it will be that the patient will benefit from treatment with pembrolizumab [43] . However, the role of this antitumor immune response might not be such an important factor for survival outcomes in patients treated with chemotherapy, since chemotherapy seemed to induce immunosuppression by inhibiting the antitumor immune response [44] .
As a matter of fact, a Danish retrospective study evaluating 204 treatment-naive advanced NSCLC patients who were treated with platinumbased chemotherapy showed no significant association between PD-L1 expression and survival in patients receiving platinum-based chemotherapy, in contrast to the immunotherapy agents [44] . Thus, considering that some patients respond despite low PD-L1 expression [45] and the lack of a standardized method for evaluating this expression [46] , the apparent significant, albeit not unequivocal, relationship between PD-L1 expression and responsiveness to ICIs should be accepted with some caution.
The updated efficacy findings from cohort G of the multicohort phase 1/2 KEYNOTE-021 study, which evaluated the association of pembrolizumab with pemetrexed-carboplatin vs. chemotherapy alone as a safe and effective firstline therapy for advanced non-squamous NSCLC [47] , have recently confirmed the noteworthy survival benefit regardless of tumor PD-L1 expression observed with the addition of pembrolizumab to chemotherapy regimens in the phase 3 KEYNOTE-189 study [48] . The phase I portion of Keynote-021G, one of the first trials exploring the toxicity and clinical activity of combination chemotherapy and immunotherapy, paved the way for the KEYNOTE-021G study, which represented the first randomized phase-2 trial in advanced treatment-naïve nonsquamous NSCLC to assess and to demonstrate the benefit of adding immunotherapy to standard of care chemotherapy, stratifying by PD-L1 TPS (B 1% or C 1%). The primary end point (overall response rates, ORR) along with all the secondary end points (PFS, duration of response, OS and correlation between PD-L1 expression levels and antitumor activity) have proved to be significantly higher in those who received pembrolizumab with chemotherapy rather than chemotherapy alone. Even those with PD-L1 expression \ 1% appeared to derive benefit from the combination strategy.
Consequently, a larger patient population adequately powered for survival end points was included in the awaited confirmatory doubleblind phase 3 KEYNOTE-189 study, which compared the combination of pembrolizumab or placebo plus pemetrexed and a platinumbased drug in patients with advanced nonsquamous NSCLC with any level of PD-L1 level expression, demonstrating for the first time a significant OS benefit with the addition of immunotherapy to chemotherapy in the firstline setting. Exploratory end points included the effect of PD-L1 expression on efficacy and patient-reported outcomes. The response rate and the OS benefit were higher across all categories of PD-L1 patients receiving the combination of chemotherapy with pembrolizumab. Despite the higher response rate in patients with PD-L1 TPS of C 50% and a clear PFS benefit shown among the PD-L1 TPS B 1%, baseline positive PD-L1 expression levels were not mandatory for treatment with a reported PD-L1 TPS C 1% in 63.0% of the patients. Interestingly, in a subset analysis based on PD-L1 expression, survival benefit with chemotherapy and pembrolizumab was greater in patients with tumor PD-L1 TPS C 50% (HR 0.42) than in patients with lower PD-L1 TPS (HR 0.55) or no PD-L1 expression (HR 0.59). Even though the relatively greatest benefit described in the subgroup with a PD-L1 TPS C 50% appears to be greater than the survival benefit with pembrolizumab alone compared with chemotherapy (HR 0.60 in KEYNOTE 024 and HR 0.69 in KEYNOTE 042, respectively) and the hazard ratio for PFS crossed the boundary for those with a PD-L1 TPS B 1%, the significant survival benefit in favor of the pembrolizumab combination was associated with similar hazard ratios across all PD-L1 subgroups, including PD-L1 negative patients, in the KEYNOTE-189 trial.
Likewise, the data from the double-blind phase 3 KEYNOTE-407 trial [49] , which tested the addition of pembrolizumab to standard chemotherapy with carboplatin and either paclitaxel or nab-paclitaxel in patients with previously untreated metastatic squamous NSCLC, seemed to complement those of the non-squamous KEYNOTE-189 trial showing a relationship between greater PD-L1 expression and longer PFS along with a reduction in the rate of disease progression more proportionally linked to PD-L1 expression levels. The improvement of all efficacy measures statistically emerged across all PD-L1 expressing subgroups (\ 1%, 1-49% and C 50%) with the greatest benefits for high-expression PD-L1 patients, although the OS upper limit of the 95% confidence interval did cross the boundary for the subgroup with a TPS of C 50%. Remarkably, when indirectly comparing the KEYNOTE-407 trial to first-line pembrolizumab alone phase-3 trials, the survival benefit of the combination of pembrolizumab with chemotherapy with tumor PD-L1 expression C 50% (HR 0.64) did not appear to be better than pembrolizumab alone, suggesting that an added survival benefit in favor of the combination strategy may not be necessarily observed in squamous cell patients.
Nevertheless, the magnitude of survival benefit was similar across all PD-L1 subgroups, leading to the fast approval of combination therapy with pembrolizumab regardless of PD-L1 status. Hence, the predictive role of PD-L1 status appeared to fail in both trials of immunechemotherapy combinations, and its clinical usefulness may be even less clear in the combination strategy. Indirect across-trial comparisons should be considered with a high level of caution and whether the combination treatment is better than monotherapy in patients with tumors with PD-L1 expression of C 50% remains unknown. Therefore, prospective studies specifically assessing the role of combination strategy and directly comparing the use of chemotherapy in addition to pembrolizumab with pembrolizumab alone in patients with tumor PD-L1 expression C 50% are warranted to definitely answer this question.
ANALYTICAL CONSIDERATIONS
Recently, the encouraging activity of different immunotherapeutic agents approved for the treatment of advanced NSCLC patients led the research laboratories to develop appropriate assays able to detect the immune checkpoint targets on tumor specimens. Different targeted assays were developed in association with the specific immunotherapeutic agents to reduce diagnostic errors and improve cost-effective test platforms [50] .
The first IHC assays approved by the US Food and Drug Administration (FDA) aimed to detect the PD-L1 protein present in the histologic sections or cytology specimens with the final aim of selecting those patients who were best candidates for immune checkpoint inhibitors [51] . This laboratory approach is based on the ability to recognize the variable domain of the primary antibody and bind the specific epitope. The subsequent link with a second antibody will trigger a chemical reaction generating a signal enhancement. Certainly, we cannot define IHC as a recent technique; however, IHC staining allows easily identifying different cell membrane, cytoplasmic or nucleus areas as compared with fluorescence in situ hybridizations (FISH). With only the use of a microscope, IHC identifies the expression of proteins on tumor cells from different preparations, including FFPE tissue blocks, fluids and cytologic aspirates [52] . Among the different used antibodies, the 5H1, 7G11, 015, 22C3 and 28-8 antibodies bind to the extracellular domain, whereas SP142, SP263, E1L3N and 9A11 bind to the intracellular domain. Some of these antibodies have been standardized and validated for PD-L1 expression testing, while others, such as E1L3N, are most commonly used in laboratory developed tests (LDT).
In the setting of advanced NSCLC, the IHC evaluation of PD-L1 expression represents a predictive biomarker of response to PD1/PD-L1 checkpoint inhibitors, including pembrolizumab [53] . In particular, in 2015, the FDA, the European Medicines Agency (EMA) and the Japanese Ministry of Health, Labour and Welfare (MHLW) recommended PD-L1 22C3 pharmDx (Dako, Glostrup, Denmark) as a companion diagnostic test associated with pembrolizumab [54] . Among PD-L1 IHC tests, beyond the 22C3 assay associated with pembrolizumab, four other companion or complementary diagnostic assays have been developed and used to determine PD-L1 expression in NSCLC. These include PD-L1 28-8, SP142, SP263 and 73-10, associated with nivolumab, atezolizumab, durvalumab and avelumab, respectively, overall differing from the used primary monoclonal antibody, destined platform, detection system and scoring methods with different thresholds of positivity validated in clinical trials.
The PD-L1 28-8 pharmDx assay (Agilent technologies/Dako) uses clone 28-8, a rabbit IgG4, as a human anti-PD-L1 monoclonal antibody. This assay allows detecting the expression of PD-L1 in case of treatment with nivolumab and is considered a complementary diagnostic test. Nivolumab, approved by FDA and EMA for advanced NSCLC patients, is a human G4 immunoglobulin targeting PD-1 receptor, thus blocking the binding with its natural ligands, PD-L1 and PD-L2, to stimulate the anti-tumor immune response. PD-L1 28-8 pharmDx assay is an FDA-approved and European Conformity (CE) in vitro device (IVD) that is performed from the Autostainer Link 48 platform (Agilent technologies/Dako).
The Ventana SP142 PD-L1 assay was built with a rabbit monoclonal antibody to recognize the intracellular domain of PD-L1 protein. It has been approved by the FDA for the treatment of some tumors with atezolizumab. The SP142 is only approved for the detection and amplification assay related to Ventana Medical System Inc.
PD-L1 SP263 uses SP263, a rabbit primary monoclonal antibody, to detect PD-L1 expression in membranous and/or cytoplasmatic regions of tumor cells subjected to durvalumab therapy. Durvalumab is a human G1 kappa immunoglobulin that interacts with PD-L1 to avoid the link with PD-1 and CD80. This assay was generated from a close collaboration of Ventana Medical System Inc., Roche and AstraZeneca. PD-L1 73-10 Assay, developed by Dako (Agilent Technologies), has employed a rabbit recombined 73-10 clone and is associated to the use of avelumab (Table 1) .
Each commercially validated assay is designed for use on a particular staining platform [55, 56] .
The performance of the different PD-L1 IHC assays was tested during the Blueprint project to compare the analytical validity and diagnostic ability to detect PD-L1 protein expression on tumor samples of advanced NSCLC patients [57] .
Thirty-nine NSCLC FFPE tissue samples were analyzed, 18 provided by Dako sectioned at 4 lm and 21 by Ventana at 10 lm, most of them derived from surgical specimens, but a few from biopsies. Every diagnostic assay produced a staining on the basis of the PD-L1 expression on tumor cell (TC) membranes, and only the PD-L1 SP 142 included a measure of infiltrating PD-L1positive immune cells (ICs) in addition to TCs. These parameters were estimated to calculate the TPS for each tumor slide. For the first time, the BLUEPRINT project simultaneously investigated both analytical and clinical diagnostic aspects by comparing staining cutoffs of each assay with the associated treatment. The raw Clinical cutoff(s) for PD-L1 expression of five-assay comparison percentage of tumor and immune cells stained by each assay was determined, and cutoffs for each assay, as recommended by the manufacturers upon FDA approval, were used as follows:
[/\ 1% of tumor cell staining for the 28-8 and 22C3 assays; [/\ 25% of staining for the SP263 assay; tumor-and immune-cell scoring of TC0-3/IC0-3 for the SP142 assay, and tumorand immune-cell scoring of TC1/IC1 for the SP142 assay. From these comparative studies, we know that the PD-L1 28-8, 22C3 and SP263 tests provided almost the same diagnostic performance, while the PD-L1 SP142 assay provided less evidence in the tumor cell staining. Furthermore, this comparative analytic study showed poor concordance regarding tumor-infiltrating ICs [57] . On the basis of these preliminary data, a larger, more comprehensive phase 2 study was designed. This trial also included the PD-L1 73-10 assay, tested 81 NSCLC tumor samples and expanded the number of pathologists involved in the PD-L1 detection (25 versus 3 pathologists). The images were studied using digital microscopy accessible from a Web system based on standard criteria and obtained results showing good concordance among the different pathologists.
The result of a phase II trial confirmed the similar performance obtained by PD-L1 28-8, 22C3 and SP263 in detecting PD-L1 expression on tumor cells and confirmed that the SP142 assay has a reduced ability to stain tumor cells. The PD-L1 73-10 assay was compared for the first time with the other four assays included in the phase II of BLUPRINT project, showing an increased staining of tumor cells. Thus, the possibility to choose among these tests could not be based on the diagnostic performance, but only on the associated immunotherapeutic agent used for clinical treatment [58] .
Regarding the procedures related to the PD-L1 22C3 pharmDx assay, these are standardized by the Dako Automated Link 48 platform. Obviously, the first steps are represented by adequate preparations of tumor slides, and the gold standard is the FFPE tissue.
A serious problem in the development of the diagnostic assays for the PD-L1 evaluation is the exclusion of cytologic samples from clinical trials. In fact, PD-L1 assays are currently only approved for use for histologic samples, although most NSCLC patients are diagnosed by cytologic specimens that require a less invasive approach, such as computed tomographyguided fine-needle aspiration and endobronchial ultrasound (EBUS)-guided aspiration biopsies [59] .
Different studies compared the evaluation of PD-L1 through IHC on different sample types, such as tumor resection, biopsy and cytologic samples, to define which is the most suitable material to evaluate the expression of PD-L1.
Skov et al. analyzed 87 paired samples, including histologic and cytologic samples from the same lesion by means of two IHC assays, 28-8 and 22C3 by Dako. Obtained results showed an elevated concordance between two types of materials, ascribing the slight discrepancy to the staining heterogeneity of PD-L1 on histologic specimens. Therefore, evaluation of the PD-L1 expression scoring would be feasible on both cytologic and histologic tumor specimens using the Dako assays (28-8 and 22C3) [60] .
Heymann et al.
[61] compared PD-L1 expression in cytology, small biopsy and surgical resection of NSCLC specimens with 22C3 by Dako. Two hundred fourteen samples, including surgical resection, biopsy specimens (derived from computed tomography-guided core needle biopsy, endobronchial forceps biopsy or histologic biopsy) and cytology specimens (derived from EBUS-FNA, FNA, thoracentesis or pericardiocentesis), were collected from 188 patients. No difference was revealed between the PD-L1 expression on small biopsy and surgical resection, while PD-L1 expression was higher in cytologic than histologic materials. Results showed that the evaluation of PD-L1 on cytologic specimens is important in order not to exclude from clinical treatment those patients that normally are not accepted because their tumor tissue is not available [61].
The study performed by Wang et al. [62] analyzed a total of 1419 specimens with diagnosis of NSCLC, distributed in 371 cytology cell blocks, 809 small biopsies and 239 surgical resections. Cytologic samples were divided into endo-bronchial ultrasound-guided transbronchial needle aspiration (EBUS TBNA), endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA), fine-needle aspiration, pleural/pericardial fluid and broncho-alveolar lavage. In cytologic specimens, the expression of PD-L1 with 50% TPS was higher than in surgical specimens or weakly higher than in small biopsy. The comparison between surgical samples or biopsies and cytologic samples was more difficult to interpret because in both EBUS/EUS/FNA specimens and biopsy samples cancer cells were very cohesive, whereas cancer cells in fluid cytology were difficult to distinguish from macrophages and mesothelial cells. These problems can be solved by comparing with hematoxylin/eosin (H&E)-stained slides and through evaluation of nuclear properties to make the interpretation of PD-L1 staining easier. Therefore, it was possible to demonstrate that cytology specimens were appropriate for PD-L1 staining by IHC [62] .
Despite the obtained excellent results, however, a standardization is necessary for the evaluation of PD-L1 by IHC on cytologic specimens due to different methods used for cell collection and fixation.
Another hot topic is represented by the comparison of archival versus fresh biopsy for the detection of PD-L1 expression by IHC. In the ATLANTIC trial, Midha et al. [63] evaluated PD-L1 expression and compared 112 archival tumor samples (\ 3 years) with recently acquired tumor samples (\ 3 months). This study showed a high concordance (76.2%) between archival and fresh tumor samples. A reanalysis of the KEYNOTE-010 trial allowed evaluating the PD-L1 expression levels in 578 re-biopsy samples by comparing them with 456 previously analyzed archival samples. The rate of PD-L1 levels C 50% was overlapped in archival and re-biopsy samples. These data, which obviously must be increased, could suggest that re-biopsy may not be necessary for the IHC evaluation of PD-L1 when it is possible to have archival samples B 3 years old and 6 months of staining [59] .
The protocol started with the use of the Dako Envision Target retrieval solution, used for deparaffinization, rehydration and epitope retrieval on formalin-fixed samples. The working solution must be incubated in Dako PT link at 97°C for a time ranging from 20 to 40 min and successively at 65°C to cool. The successive steps involve the use of buffers to wash the slides before staining. At this point, the slides could be placed on a Dako Autostainer Platform to proceed with the staining phase. According to the immunohistochemical staining procedure, the slides are counterstained with hematoxylin, and the primary antibody detection is performed using a light microscope (https:// www.agilent.com/cs/library/packageinsert/pub lic/115030003.PDF).
Counterstaining with hematoxylin and eosin is indispensable to verify the stain quality and preservation of the analyzed tumor specimens before assessing the comparison with both positive and negative controls [64] .
It is essential to remember that, although this assay is standardized and validated, many serious errors occur [65] . For this reason, it is recommended that each laboratory should include several controls (https://www.agilent. com/cs/library/usermanuals/public/29158_pd-l1-ihc-22C3-pharmdx-nsclc-interpretation-man ual.pdf). During the preparation of the tissue samples, tumor slides containing two cell lines, considered as positive and negative controls, must be entered. One of these (positive control) must moderately express PD-L1 (e.g., NC-H266); the other acting as a negative control must be negative for PD-L1 expression (e.g., MCF-7). In addition, every laboratory should also have FFPE cell blocks of human tonsils or placenta as an external comparator for the positive control. Indeed, FFPE human tonsils or placenta cell blocks are an ideal area for PD-L1 analysis, since this immune checkpoint is expressed on dendritic cells, macrophages, mast cells, T and B lymphocytes, endothelial and tumor cells [66, 67] . An additional positive control is considered good laboratory practice if it is processed in the same manner as the samples. Indeed, a comparison between cell lines showing high PD-L1 expression and human tissues allows detecting a calibrated sample for tissue staining, avoiding mistakes related to possible minor staining associated with the cell line. Furthermore, a negative control is crucial to ascertaining that any negative staining is related to the effective absence of PD-L1 expression on tumor samples.
The PD-L1 expression value was measured by the TPS scoring method [68] .
The percentage expression of TPS allows quantifying the partial or complete membrane staining of viable tumor cells in the context of all viable tumor cells, both positive and negative, present in the advanced NSCLC sample. For each specimen, on the PD-L1-stained slide, indistinct tumor biopsy or resection tissue, as long as there is adequate biologic material, tumor cells must show complete or not complete membrane staining (C 1? intensity) with a minimum of 100 viable cells. Although staining on the cytology specimens can also be done, none of the trials using clone 22C3 have currently validated these tests.
The scoring is interpreted as follows: TPS \ 1% corresponds to lack of PD-L1 expression; TPS between 1 and 49% indicates the presence of PD-L1 expression, while TPS C 50% is associated with high PD-L1 expression [37] . This score method excludes stained tumor-associated immune cells, normal/non-neoplastic cells and necrotic cells.
In patients with NSCLC, the value of the PD-L1 IHC 22C3 pharmDx assay in predicting treatment response to pembrolizumab has been largely demonstrated [38, 69] . In general, increased PD-L1 expression (higher TPS) was associated with a higher ORR and PFS with favorable outcome. The presence of immune cells, including macrophages and lymphocytes, may generate difficulties in the data interpretation during IHC staining; therefore, these cells should be excluded from the scoring in NSCLC. However, since PD-L1 plays a critical role as a predictive biomarker, its expression must inevitably include that observed on immune cells. Indeed, the poor data reproducibility for the evaluation of the mononuclear immune cell density score (MIDS) and ratio of PD-L1-expressing immune cells compared with that of all tumor cells have been bypassed thanks to the combined positive score (CPS). The CPS reproducible method, resulting from the combination of TPS and MIDS, allowed evaluating the number of all PD-L1-expressing cells represented by tumor cells, lymphocytes and macrophages inside all tumor cells. The CPS is the percentage ratio of all PD-L1-stained tumor cells, lymphocytes and macrophages compared with that of all tumor cells. Kulangara et al. [70] studied the possibility of introducing CPS as an alternative scoring method across four tumor types (gastric cancer, urothelial tumor, triple-negative breast and ovarian cancer), involving many pathologists to evaluate the reliability and reproducibility of the PD-L1 expression data on tumor cells with and without immune cells.
Clinically, ORR, PFS and OS (although not statistically significant) were improved in the subset of patients with CPS PD-L1? compared with the PD-L1 population likely to benefit from treatment with pembrolizumab. Moreover, another important point is the possibility that CPS may be applied to cytologic specimens since it is independent of the tissue structure, offering the promise of a future advantage for cytologic or tissue tumor samples.
As substitutes for these approved assays, we have recently witnessed a commercial proliferation of low-cost LDTs, even after a rigorous validation of the proposed antibodies [71] . Adam et al. [72] compared five PD-L1 antibodies (28-8, 22C3, E1L3N, SP142 and SP263) on three IHC platforms for evaluating the PD-L1 percentage. The results achieved in this study showed that there is a high concordance between all antibodies and used platforms, though 50% of LDTs did not have adequate comparative technical performance [72] .
Similar results have been reported in the harmonization study performed by Scheel et al. [73] , where the PD-L1 level was evaluated using 4 assays (28-8, 22C3, SP142 and SP263) and 11 LDTs. For PD-L1 levels C 1% and C 50%, good concordance between the different assays has been reported, with moderate concordance between LDTs and 22C3 assays. These 11 LDTs showed different results: 6 showed tumor cell staining like the 28-8 and 22C3 assays, while 5 LDTs detected weak PD-L1 staining compared with the assays validated by the FDA [73] . The literature demonstrated comparable performance regarding the used antibodies and platform. However, the comparison is affected by the variable definitions of positivity for each companion or complementary diagnostic and also there is not a clear gold standard comparator, except the commercial kits. In the USA, the College of American Pathologists (CAP) has drafted the requirements for the validations of IHC LDTs. These recommendations may be difficult to fulfill for single laboratories for several reasons. Some of these are represented by the many analyses for the biomarker, in both positive and negative samples, or the variable definition of positive and negative staining [74] .
Other large organizations, such as the North Quality Control or UK National External Quality Assessment Service (UKNEQAS), independently agreed that the laboratories using LDTs had a serious possibility of failing compared with laboratories that use commercial kits [75, 76] .
Thus, a possibility for the standardization of PD-L1 LDTs is actually the comparison with the commercial assay, such as PD-L1 IHC22C3 pharmDx and TPSs, to detect any LDT misclassification. A standardization of the platform and staining conditions is desirable for a reproducible result, which will be performed by international proficiency testing to promote high quality and equivalence among PD-L1 IHC assays.
SUMMARY AND RECOMMENDATIONS
The introduction of immune checkpoint inhibitors has recently become a promising frontier for the treatment of NCSLC. Since pembrolizumab inhibits PD1/PD-L1 interactions, PD-L1 IHC was developed as a biomarker to help discern responder from non-responder patients. Evaluation of PD-L1 expression by using IHC is currently the only biomarker approved for clinical use and therefore plays a central role in treatment decision-making for patients with advanced NSCLC.
However, although PD-L1 expression demonstrated a predictive value, its ability to accurately predict the response to immune checkpoint inhibitors can be suboptimal because of several limitations inherent to the tissue sampling, IHC detection methods and antibodies used in addition to dynamic and heterogeneous PD-L1 expression during cancer evolution and treatment in individual patients.
Therefore, in the future, the identification of more precise and dynamic predictive biomarkers for checkpoint blockades is an important goal to identify which populations are likely to experience a response to immunotherapy and to maximize the therapeutic benefits. Meanwhile, PD-L1 expression should be evaluated using a validated companion diagnostic to optimally predict an appropriate patient selection for PD-1/PD-L1 blockade and to select more sensitive patients.
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